Citation: Hou Q, Tang J, Wang Z, et al. Inhibitory effect of microRNA-34a on retinal pigment epithelial cell proliferation and migration. Invest Ophthalmol Vis Sci. 2013;54:6481-6488. DOI:10.1167/iovs.13-11873 PURPOSE. Retinal pigment epithelial (RPE) cells play important roles in ophthalmologic diseases such as proliferative vitreoretinopathy, AMD, and diabetic retinopathy. MicroRNA34a (miR-34a) has been reported to be important in the regulation of cell proliferation, migration, differentiation, and apoptosis. In this study, we explored the effects of miR-34a on RPE cells.
T he retinal pigment epithelium is composed of a monolayer of hexagonal cells that are quiescent without proliferation and migration under normal conditions. 1 The proliferative and migratory phenotype of RPE cells occurs in pathologic conditions such as proliferative vitreoretinopathy (PVR), AMD, and diabetic retinopathy. 1 Retinal pigment epithelial cells have been considered one of the key cells implicated in PVR. 2 Uncontrolled RPE cell proliferation leads to its migration into the vitrea and retinal layers resulting in formation of epiretinal membranes that can contract and cause retinal detachment and visual impairment. 3 Among potential regulators of this process, microRNAs (miRNAs) are excellent candidates since they are involved in a variety of cellular functions such as cellular proliferation and migration. 4 MicroRNAs are an abundant class of endogenously expressed, nonprotein-coding, short (20) (21) (22) (23) (24) (25) nucleotide RNAs that regulate gene expression. 5, 6 Although several reports addressed the expression profile of miRNAs in RPE cells, the exact roles of miRNA in these cells have not been well defined. 7, 8 Adijanto et al. compared the miRNAs expression in human fetal RPE cells and found miR-204/211 to be significantly downregulated in dedifferentiated RPE cells. 9 Further investigation suggested that miR-204/211 promote RPE differentiation in a microphthalmia-associated transcription factor (MITF)-dependent manner. 9 In another report, Chen et al. found that miR-328 can inhibit RPE cell proliferation by downregulating PAX6. 10 MicroRNA-34a, a gene product from chromosomal locus 1p36.22, is well known as a tumor suppressor in many tumors. 11 As a consequence, several groups have investigated the inhibitory mechanism and therapeutic potential of miR-34a in various types of cancers. 11 Direct targets of miR-34a include silent information regulator 1 (SIRT1), Bcl-2, CD44, various cyclins and CDKs, and the proto-oncoproteins MYC and MYCN. 12 MicroRNA-34a has also been implicated in many other normal biological processes such as cell proliferation, inhibition, cell cycle arrest, and senescence. 12 Specifically, we have previously reported that miR-34a is downregulated in uveal melanoma, and ectopic expression of miR-34a inhibits the proliferation and migration of uveal melanoma cells through direct downregulation of c-Met. In this study, we investigated the expression pattern of miR-34a in subconfluent ARPE-19 retinal pigment epithelial cells as compared with postconfluent cells in vitro. Micro-RNA-34a was also ectopically introduced into ARPE-19 cells to determine its effects on growth, apoptosis, and migration. Subsequent experiments indicated that miR-34a downregulated c-Met levels, and direct inhibition of c-Met expression with specific siRNA inhibited the proliferation and migration of ARPE-19 cells. Overall, our data suggested that miR-34a may be involved in the regulation of RPE cell proliferation and migration.
MATERIALS AND METHODS

Cell Culture
A-retinal pigment epithelia-19 (ARPE-19) cells were purchased from American Type Culture Collection (ATCC; Manassas, VA). The cells were used at passages 10 to 20. ARPE-19 cells were cultured under two conditions: (1) Subconfluent, condition where cells were seeded and grown in 6-well plates for 3 to 5 days in Dulbecco's modified Eagle's medium (DMEM; Invitrogen, Carlsbad, CA) with 10% fetal bovine serum (FBS; Hyclone, Logan, UT) at 378C in 10% CO 2 ; and (2) postconfluent, condition where cells were seeded and grown in 6-well plates for 4 weeks with the culture media being changed every 3 days under the same culture conditions as subconfluent cells.
Immunofluorescence Staining
ARPE-19 cells (1 3 10 5 ) were seeded in 6-well plates and grown to 70% to 80% confluence or to postconfluent condition. Cells were then fixed in 4% paraformaldehyde solution for 1 hour at room temperature and permeabilized with 0.4% Triton X-100 in Tris buffered saline (TBS) for 10 minutes. Cells were blocked in TBS containing 5% BSA for 1 hour, followed by incubation with the primary antibody, Ki67, in blocking solution overnight. After washing with TBS, Cy3-conjugated secondary antibody was added to the cells for 1 hour. Cells were washed and then stained for 10 minutes with 4 0 ,6-diamidino-2-phenylindole (DAPI) to display the nuclei. Cells were mounted in a fluorescent mounting medium, and images were captured using a fluorescence microscope (Imager Z1; Zeiss, Oberkochen, Germany).
RNA Extraction and Real-Time PCR
ARPE-19 cells (1 3 10 5 ) were seeded in 6-well plates and grown to 80% to 90% confluence or to postconfluent condition. Total RNA was then extracted from collected cells with Trizol reagent (Invitrogen). RNA integrity was confirmed using spectrophotometry and agarose gel electrophoresis. For the detection of miR-34a expression in subconfluent and postconfluent ARPE-19 cells, 10 ng of total RNA from each culture condition were used for cDNA synthesis with a microRNA reverse transcription kit (TaqMan; Applied Biosystems, Foster City, CA), and miR-34a expression level was quantified by the microRNA Assay (TaqMan; Applied Biosystems), according to the manufacturer's instructions. Real-time PCR was performed (7500 Real-Time PCR System; Applied Biosystems). The expression level of miR-34a in postconfluent ARPE-19 cells was set as the normal control, whereas the miR-34a expression level in subconfluent cells was compared with that in postconfluent cells. U6 small nuclear RNA (snRNA) was used as internal control. 14 The number of cells migrated in Transwell assay was quantified by counting five independent vision fields with a 203 microscope objective. Results were expressed as mean 6 SEM (n ¼ 3, *P < 0.05). Western blot assay of caspase-3 activation (E) and TUNEL assay (F) were performed 4 days after transfection with either 100 nM miR-34a mimic or NC. H 2 O 2 -treated cells were used as positive control. All images are representative of at least three independent experiments. Magnification is 3200 for transwell assay and 3100 for both in vitro scratch and TUNEL assays.
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(Roche Applied Science, Mannheim, Germany). Briefly, solution reagent was added to each well and incubated at 378C for 2 hours. Cell proliferation was assessed by measuring the absorbance at 450 nm with a reference wavelength of 600 nm using a microtiter plate reader (Molecular Devices, Sunnyvale, CA). c-Met-specific siRNA (5 0 -GCCAGAUUCUGCC GAACCA; GenePharma), negative control siRNA (GenePharma), or mock was used to downregulate c-Met expression in ARPE-19 cells. c-Met-specific siRNA (100 nM), negative control siRNA (100 nM), or mock was transfected into ARPE-19 cells with reagent (Lipofectamine 2000; Invitrogen). WST-1 assay was performed on indicated times after transfection, as described.
TUNEL Assay
Terminal deoxynucleotidyl transferase dUTP nick end labeling assay was performed with the In Situ Cell Death Detection Kit (Roche Applied Science) according to the manufacturer's instructions. Briefly, ARPE-19 cells were transfected with miR34a mimic or a negative control (NC). Four days after transfection, cells were washed three times with PBS, fixed with 4% paraformaldehyde in PBS for 1 hour at room temperature, and permeabilized with freshly prepared 0.1% Triton X-100 for 2 minutes on ice. Fifty microliters TUNEL reaction mixtures were added into each sample and incubated for 1 hour at 378C in a humidified atmosphere in dark. Cells were further incubated with DAPI for 10 minutes and visualized through immunofluorescent microscopy. As positive control, ARPE-19 cells were treated with 1 mM H 2 O 2 for 2 hours and then subjected to TUNEL assay.
Transwell Migration Assays
ARPE-19 cells were grown in DMEM-F12 containing 10% FBS to approximately 60% confluence and transfected with 100 nM miR-34a mimic molecule, a negative control or mock transfection. After 48 hours, the cells were harvested by trypsinization and washed once with D-Hanks solution (Invitrogen). To measure cell migration, 8-lm pore size culture inserts (Transwell; Costar) were placed into the wells of 24-well culture plates, separating the upper and the lower chambers. In the lower chamber, 400 lL DMEM-F12 containing 10% FBS were added. Then, 5 3 10 4 cells were added to the upper chamber. After 20 hours of incubation at 378C with 5% CO 2 , the cells that had migrated through the pores were stained with crystal violet and five vision fields were counted under the microscope (Zeiss) using a 203 objective.
In Vitro Scratch Assay ARPE-19 cells were grown in DMEM-F12 containing 10% FBS to approximately 60% confluence and transfected with 100 nM miR-34a molecule, a negative control, or mock transfection. After 48 hours, the cell monolayers were scratched using a 200-lL pipette tip, washed twice with Hanks medium to remove the floating cells, then cultured in 2-mL fresh serum free medium. Photographs were taken immediately after scratching and at 24 or 48 hours after culture (Imager Z1; Zeiss). The ability of migration was evaluated by comparing the cell migration rate toward the center of the gap of four vision fields in every group.
Western Blot Analysis
ARPE-19 cells (1 3 10 5 ) were seeded in 6-well plates and grown in DMEM-F12 with 10% FBS for 24 hours prior to transfection. Seventy-two hours after transfection, the cells were washed with cold PBS and subjected to lysis in a lysis buffer (50 mM Tris-Cl, 1 mM EDTA, 20 g/L sodium dodecyl sulfate [SDS], 5 mM dithiothreitol, and 10 mM phenylmethylsulfonyl fluoride). Equal amounts of protein lysates (20 lg each) and rainbow molecular weight markers (GE Healthcare Life Sciences, Piscataway, NJ) were added, followed by separation using 8% SDS-PAGE, then electrotransferred onto polyvinylidene difluoride membranes. The membranes were blocked with a buffer containing 5% nonfat milk in PBS with 0.05% Tween-20 for 2 hours and incubated overnight with antibody at 48C. After a second wash with PBS containing 0.05% Tween-20, the membranes were incubated with peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) and developed with an enhanced chemiluminescence detection kit (Pierce, Rockford, IL). Beta-actin was used as a loading control. Antibodies for total CDK2, CDK4, CDK6, p-Cdc2 (threonine 161), E2F1, and c-Met were from Cell Signaling Technology (Beverly, MA). Caspase-3 and b-actin were from Santa Cruz Biotechnology. All primary antibodies were used at a dilution of 1:1000, whereas the secondary antibodies were used at a dilution of 1:5000.
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Statistical Analysis
All data were shown as the mean 6 SEM. Differences between experimental groups and mock groups were analyzed using the Student's t-test. Statistical significance was accepted at P less than 0.05.
RESULTS miR-34a Expression Was Downregulated in Subconfluent ARPE-19 Cells
Retinal pigment epithelial ARPE-19 cells were cultured for 4 weeks after they reached confluence to form a monolayer to simulate the quiescent RPE cells in situ as reported previously. 15 Compared with subconfluent cells, ARPE-19 postconfluent cells rarely displayed Ki67 staining, which is associated with cellular proliferation 16 (Fig. 1A) . The expression level of miR-34a in subconfluent ARPE-19 cells was significantly decreased when compared with postconfluent ARPE-19 cells (80.8 6 6.3%, n ¼ 3, Fig. 1B ). These data indicated that miR-34a may be involved in the regulation of RPE cell proliferation and migration.
miR-34a Inhibited Proliferation and Migration of RPE Cells
As miR-34a expression was decreased in subconfluent ARPE-19 cells, we sought to determine whether the introduction of miR34a had any biological effect on RPE cells. ARPE-19 cells transfected with the miR-34a mimic showed inhibition of cell growth as compared with negative control based on the WST-1 assay ( Fig. 2A) . A reduction in absorbance was detected by day 3 after miR-34a transfection. At day 5, the absorbance decreased 36.7 6 6.5% in miR-34a transfected ARPE-19 cells compared with mock group (n ¼ 3, P < 0.01, Fig. 2A ).
We then performed transwell assay and in vitro scratch assay to determine whether miR-34a was involved in the regulation of migration of RPE cells. A dramatic reduction of migration toward the lower chambers was observed in miR34a transfected ARPE-19 cells (Mock: 82 6 10, NC: 75 6 14, miR-34a: 30 6 10 cells/vision field, n ¼ 3, Figs. 2B, 2C) . Similar results were observed in the in vitro scratch assay (Fig.  2D) .
To determine whether the growth retardation of ARPE-19 cells is caused by apoptosis after miR-34a transfection, caspase-3 activation assay and TUNEL assay were carried out. Western blot results showed that miR-34a transfection had no effect on procaspase 3, whereas H 2 O 2 treatment can cause extensive procaspase 3 activation (Fig. 2E) . In TUNEL assay, ARPE-19 cells transfected with miR-34a were negative similar to both mock and negative control group. H 2 O 2 -treated cells appeared TUNEL positive with strong staining (Fig. 2F) . These results indicate that miR-34a inhibits the proliferation and migration of ARPE-19 cells without triggering apoptosis.
Introduction of miR-34a Downregulated c-Met Expression and Other Cell Cycle-Related Proteins
c-Met is a direct target of miR-34a. 13 Western blot analysis confirmed that c-Met expression was reduced by miR-34a transfection in ARPE-19 cells (Fig. 3) . Concurrently, ectopic miR-34a delivery also downregulated the expression of CDK2, CDK4, CDK6, p-Cdc2, and E2F1 (Fig. 3) .
Downregulation of c-Met Inhibited RPE Cell Proliferation and Migration
To determine whether miR-34a inhibits RPE cell proliferation and migration through downregulation of c-Met, we altered the expression level of c-Met with specific siRNA in ARPE-19 cells (Fig. 4A) . WST-1 assays showed that transfection of c-Met siRNA significantly inhibited growth of ARPE-19 cells from day 3, and the absorbance decreased 52.9 6 5.3% (n ¼ 3, P < 0.01, Fig. 4B ) at day 5 compared with mock cells. Furthermore, migration of ARPE-19 cells transfected with miR-34a was affected after c-Met specific siRNA introduction. In both transwell (Figs. 4C, 4D ) and in vitro scratch assays (Fig. 4E) , c-Met downregulation effectively hampered the migration rate of ARPE-19 cells (in transwell assay, Mock: 171 FIGURE 5 . Direct knockdown of c-Met downregulated the expression of cell cycle-related molecules. After transfection with either c-Met specific siRNA or a negative control, ARPE-19 cell lysates were prepared and probed with CDK2, CDK4, CDK6, p-Cdc2, and E2F1 antibodies. Beta-actin was used as a loading control. The band intensity was analyzed with ImageJ software, and the fold change was normalized to the level of mock cells. These results are representative of at least three independent experiments. 6 24, NC: 162 6 23, c-Met: 67 6 20 cells/vision field, n ¼ 3, P < 0.05, Fig. 4D ).
Knockdown of c-Met Downregulated the Expression of Cell Cycle-Related Molecules
We further explored if direct knockdown of c-Met had similar effect on the expression of its downstream molecules. Western blot analysis showed that the expression of CDK2, CDK6, phosphorylation of Cdc2, and E2F1 was significantly decreased by c-Met siRNA transfection compared with mock ARPE-19 cells, whereas the expression of CDK4 was unaffected (Fig. 5) .
DISCUSSION
The retinal pigment epithelium is a cellular monolayer sandwiched between the vessels of the choriocapillaris and light-sensitive outer segments of the photoreceptors. Embryologically, RPE development coincides with the maturation of photoreceptors. RPE cells secretes factors that promote photoreceptor differentiation, which in turn, guides RPE maturation. 3 The proper development of the retina is dependent on the melanogenesis pathway of the RPE. 17 Potential RPE cells derived from neuroectodermal tissue are dependent on the expression of transcription factors homeodomain-containing transcription factor (OTX2) and MITF. 3 With the onset of melanogenesis, neuroectodermal cells differentiate into the RPE layer. 17 Being a part of the bloodretina barrier, the RPE serves multiple functions, including absorption of light energy, transportation of ions, water, and metabolic products, and reisomerization of transretinal to 11-cis-retinal to support the photoreceptors. 3 Therefore, RPE plays essential roles for visual function. 3 However, the potential for RPE cells to transition from a quiescent to a proliferative state can result in pathologic conditions. 3 Proliferative vitreoretinopathy is a process involving scarring that develops following cases of retinal detachments, and is the most common cause of surgical failure. 2 The physiologic basis of PVR has been described. One of the most important cells involved are RPE cells, which are present in almost 100% of epiretinal membranes. 18 Uncontrolled proliferation and migration of RPE cells eventually form pathologic membranes on both surfaces of the neural retina that can contract and cause retinal detachment and visual impairment. 2 Wu et al. showed that the clinical outcome of patients after surgery is related to the presence of viable or active RPE cells. 19 The underlying mechanisms related to the RPE cell transition from a quiescent state to a proliferative and migratory state remain unclear.
MicroRNAs affect essential biological processes such as metabolism, cell proliferation, migration, differentiation, and development through negatively regulating the translation and stability of their target mRNAs. 20 Although RPE cells express many miRNAs, only a few miRNAs have been explored in terms of their effects. 20 Studies have looked into the expression of miR-328 in RPE cells and found that treatment with retinoic acid led to increased expression of miR-328. 10 This also leads to increased RPE cell proliferation through direct downregulation of PAX6. 10 Others showed that miR-204/211 directly regulated the differentiation of RPE cells, with increased expression of miR-204/211 leading to differentiation and vice versa. 9 MicroRNA-34a is among the most well defined miRNAs, being a direct target of p53. 21 It displayed an inhibitory effect on tumors' aggressive biological behaviors in various types of cancers. 11 In this study, we tried to address if miR-34a participated in the regulation of RPE functions. Analysis of expression of miR-34a in subconfluent and postconfluent ARPE-19 cells revealed that miR-34a levels were significantly downregulated in subconfluent cells compared with postconfluent cells. Introduction of miR-34a mimic into subconfluent ARPE-19 cells profoundly inhibited cell proliferation and migration without triggering obvious apoptosis. These results suggest that miR-34a may be involved in the regulation of migration and proliferation of RPE cells.
Among those direct targets of miR-34a, c-Met is known as a hepatocyte growth factor (HGF) receptor and in turn participates in cell growth, migration, and the regenerative process. 22 HGF/c-Met signal pathway has been shown to be involved in RPE proliferation and migration. 23, 24 Using transgenic models, Kasaoka et al. found that expression of HGF and c-Met was induced by laser injury. 22 Constitutive activation of c-Met induced robust RPE migration into the outer retina of laser-injured eyes, whereas c-Met conditional knockout reduced RPE migration. 22 To our knowledge, there are no reports about the effects of c-Met knockdown in ARPE-19 cell in vitro. Using a c-Met knockdown approach, we demonstrated that miR-34a is involved in the regulation of ARPE-19 cell proliferation and migration through c-Met. In addition, we found direct c-Met knockdown decreased the expression of E2F1, CDK2, CDK6, and p-Cdc2, whereas the level of CDK4 was unaffected. As CDK4 has been proven to be a direct target of miR-34a, 25 this suggests that miR-34a mainly targeted c-Met to regulate the proliferation and migration of RPE cells.
Besides c-Met, other cell cycle-related molecules, including E2F1, CDK2, CDK4, CDK6, and p-Cdc2, were downregulated in miR-34a transfected RPE cells. These molecules have been reported to be directly targeted or indirectly regulated by miR34a. 13, 26, 27 Specifically, E2F1 is widely viewed as an essential positive cell cycle regulator with expression of E2F1 capable of transitioning quiescent cells from G 1 to the S phase. 28 CDK2, CDK4, and CDK6 are all members of the CDK family, which are essential for the G 1 -S transition. 29 In TGF-b1 treated human RPE cells, the expression levels of CDK2 and CDK4 were both decreased. 30 The use of antiangiogenic antibody, bevacizumab, can also inhibit the proliferation of ARPE-19 cells through downregulation of CDK2, CDK4, CDK6, and cyclin D and E. 31 MicroRNAs are believed to have potential therapeutic roles in many diseases. Although the miRNA expression profiles in RPE cells have been studied, 7, 8 there are few reports about miRNAs in the regulation of RPE functions. Therefore, we investigated the role of miRNAs in RPE cells and their related mechanisms. Our results suggest miR-34a participated in the regulation of proliferation and migration of RPE cells, and likely has important clinical consequences in the treatment of retinal diseases.
